. Very restudies, we used genetic and pharmacological methods to manipulate UPS-mediated protein turnover at the cently, it was shown that activity-dependent remodeling of the postsynaptic density is regulated via ubiquitin Drosophila NMJ synapse and monitored the effects with electrophysiology and confocal microscopy. Investigaand proteasomal degradation [11], albeit on a relatively slow timescale (about 48 hr). These studies clearly demtions with a conditional reporter of ubiquitin-mediated proteolysis demonstrate local UPS-dependent protein onstrate critical functions for the UPS in mature synapses, with direct UPS involvement in regulating the degradation at the synapse and indicate that the UPS has the capacity to degrade highly expressed presynapabundance of synaptic proteins. However, no studies have investigated interactions of putative presynaptic tic proteins. Pharmacological and genetic inhibition of the proteasome show that protein degradation rate desubstrates with the UPS or determined whether these interactions acutely regulate synaptic transmission termines the local abundance of DUNC-13, a protein that regulates synaptic vesicle priming to control neurostrength.
Does the UPS directly regulate presynaptic protein transmission strength [12, 13]. Concurrent work in our lab demonstrates that DUNC-13 is ubiquitylated [14] . levels to modulate neurotransmission? In answering this question, our key tasks were to investigate the presence Most interestingly, acute inhibition of the proteasome causes a dramatic strengthening of synaptic transmisof the UPS locally at presynaptic sites, the kinetic capacity of the UPS to regulate protein abundance at these sion that is rapid (tens of minutes) and presynaptic in nature. Taken together, these results demonstrate that sites, putative interactions between the UPS and pre-the UPS functions to regulate the local abundance of recognized by the UPS and remain stable at 35ЊC. In contrast, R-DHFR ts -EGFP will expose its N-terminal argipresynaptic proteins and that through this local mechanism it acutely modulates the strength of synaptic transnine at 35ЊC and be recognized by the ubiquitin ligase Ubr1 (E3␣), which acts with the ubiquitin-conjugating mission.
enzyme proteins in general is not under dynamic regulation via the proteasome on the timescale assayed (approxirelate closely; at 30 min the protein was at about 50% of starting levels, and at 60 min the protein was at apmately 1 hr), but rather that DUNC-13 shows specific, UPS-dependent regulation at the synapse. proximately 25% of starting levels ( Figure 2D ). However, the synaptic abundance of R-DHFR ts -EGFP remained level from 60 to 150 min, at 15%-20%of starting levels.
Genetic Inhibition of the Proteasome Causes Thus, degradation of the reporter initially followed the Accumulation of DUNC-13 predicted decay curve but reached an asymptote at low To complement the pharmacological method using lacprotein levels. The low level of persisting protein may tacystin, an independent genetic approach was next reflect the fact that the inducing 35ЊC heat-shock was used to further investigate the UPS dependence of removed at 30 min, some inherent limitation to the fluo-DUNC-13 abundance at the synapse. Specifically, a tarrescent assay method, or saturation of the UPS at the geted genetic mutation of a proteasome subunit was synapse under these demanding transgenic conditions. The DTS5 mutation utilized in these experiments disdependent protein degradation. Recent work in our lab has shown that the levels of the synaptic protein DUNCrupts a ␤6 subunit residue that is required for formation of the catalytic active site. The DTS5 mutant subunit 13 appear to be controlled via proteasome-mediated degradation [14]. These observations suggest that UPSunder UAS control was expressed in the presynaptic motor neuron of the NMJ via the pan-neuronal Elav GAL4 mediated protein degradation may play a dynamic role in regulating the abundance of presynaptic proteins driver. Immunocytochemical analyses were done on single controlling neurotransmission strength or plasticity. If this is the case, then we wanted to determine whether NMJ synapses of wandering third-instar larvae ( Figure  3C ). Two separate insertions of the UAS:DTS5 transgene all synaptic proteins are dynamically regulated via proteasome-mediated degradation or whether this mecha-[DTS5(2B) and DTS5(6A)] produced significantly elevated levels of DUNC-13 when expressed in the presynnism is specific to a class of key synaptic proteins. To address this question, we used a highly specific proteaaptic neuron at 18ЊC. A single copy of DTS5(2B) caused an extremely significant (P ϭ 0.0001) 56% increase in some inhibitor, lactacystin [28], to acutely disrupt UPS function, then assayed synapses for the abundance of the levels of DUNC-13 in the NMJ terminal ( Figures 3C  and 3D ). Although a single copy of DTS5(6A) did not known presynaptic proteins via quantitative fluorescence confocal microscopy. Specific antibody probes significantly increase DUNC-13 levels, an additional copy of the DTS5(6A) insert caused a significant (P Ͻ are available for multiple classes of presynaptic proteins, including transmembrane, membrane-associated 0.05) elevation (23%) of DUNC-13 levels in presynaptic boutons ( Figures 3C and 3D) . The difference in effective and cytosolic components of the presynaptic terminal.
Dissected third-instar larvae were incubated in either concentration of DTS5(2B) and DTS5(6A) most probably reflect position effects of the transgene genomic insercontrol saline or in the presence of lactacystin (100 M) for 45 min prior to immunocytochemical analyses. Antitions and are consistent with the observation that, compared to DTS5(2B), the DTS5(6A) insert causes a less body probes against presynaptic proteins used in this survey analysis included Syntaxin (transmembrane), severe phenotype in the eye [31]. These results confirm the pharmacological evidence that DUNC-13 is a subSynaptotagmin (integral synaptic vesicle), Leonardo/14-3-3 (cytosolic), and DUNC-13 (cytosolic). Among these strate of the UPS and further demonstrate that the abundance of DUNC-13 in the presynaptic bouton is regupossible targets of UPS regulation, only DUNC-13A showed any significant change in presynaptic abunlated by its degradation rate. in [11] ). Thus, the regulation of synaptic transmission must be driven solely by rapid changes in the level of regulatory presynabundance of DUNC-13 is clearly dynamically regulated by the UPS, whereas the set level of postsynaptic denaptic protein(s). A possible mechanism arising from this study is that local upregulation of DUNC-13 abundance sity proteins may be regulated via a slower process. Regardless, the apparent specificity of the regulated at presynaptic sites drives increased synaptic vesicle priming and subsequent fusion to elevate neurotransdegradation pathway to DUNC-13 in our study must be treated cautiously because investigation is severely mission. Nevertheless, because other presynaptic proteins also interact with the UPS [7-10], it is likely that the limited to a number of known presynaptic proteins with available specific antibodies.
UPS-dependent control of multiple presynaptic proteins cooperatively modulates synaptic transmission.
The identification of DUNC-13 as an acutely regulated UPS substrate in the presynaptic terminal has important
This study provides evidence that ubiquitin-dependent proteasomal protein degradation functions locally ramifications for the modulation of neurotransmitter release. Members of the UNC-13 protein family are known at presynaptic sites to rapidly control levels of presynaptic proteins and suggests that regulation of protein degto be essential for synaptic vesicle priming in C. elegans, Drosophila, and mice 
